Fishes show a remarkable diversity of shapes which have been associated with their swimming abilities and anti-predator adaptations. The crucian carp (Carassius carassius) provides an extreme example of phenotypic plasticity in body shape which makes it a unique model organism for evaluating the relationship between body form and function in fishes. In crucian carp, a deep body is induced by the presence of pike (Esox lucius), and this results in lower vulnerability to gape-limited predators, such as pike itself. Here, we demonstrate that deep-bodied crucian carp attain higher speed, acceleration and turning rate during antipredator responses than shallow-bodied crucian carp. Therefore, a predator-induced morphology in crucian carp enhances their escape locomotor performance. The deep-bodied carp also show higher percentage of muscle mass. Therefore, their superior performance in escape swimming may be due to a combination of higher muscle power and higher thrust.
INTRODUCTION
Fishes show a remarkable diversity of morphologies and each aspect of fish design may have several implications (Alexander 1974; Lauder 1996) . In particular, the body morphology of fishes has been associated with their swimming abilities (Alexander 1974; Blake 1983 Blake , 2004 Webb 1984a; Videler 1993; Domenici 2003) , but the morphology may also affect the risk of becoming a victim to predation. For example, some fish species possess spines and others have a large body depth that decreases vulnerability to gape-limited predators (Alexander 1974; Nilsson et al. 1995; Godin 1997) . The most common way of avoiding predation, however, is the escape response, a burst swimming movement shown by most fishes when attacked by a predator (Domenici & Blake 1997) . Various characteristics of this response were shown to be fundamental for avoiding predation, such as reaction distance, escape path, distance-derived variables (such as velocity and acceleration) and turning rates ( Walker et al. 2005) . Previous work has shown that certain morphological defences, such as changes in body shape, can be induced by the presence of predators (Brönmark & Miner 1992) . However, it is not known whether these inducible morphological defences can, in turn, also affect the escape locomotion abilities of fishes.
Earlier studies on the relationship between body shape and swimming ability have been based on a comparison among different species ( Webb 1978; Blake 1983; Harper & Blake 1990; Videler 1993) . Trade-offs were identified in body morphology, since enhancing specific aspects of locomotor performance often results in reducing performance in other types of locomotion (Alexander 1974; Webb 1984a) . For example, specialization in unsteady motions, implying accelerations or turning manoeuvres, trades off with specialization in cruising swimming ( Webb 1984a; Domenici 2003; Blake 2004) . Generally, the body of cruising specialists is streamlined to minimize drag, while acceleration specialists have a large body depth and area, especially posteriorly, and a large proportion of muscle mass to maximize thrust ( Webb 1984a) . However, past interspecific comparisons of one trait were naturally constrained by potential differences in other traits. The problems arising from interspecific comparisons have been partially overcome by studies at the intraspecific level, which showed that genetically distinct morphs of a given species have different swimming performances (Taylor & McPhail 1985 , 1986 Ghalambor et al. 2004; Langerhans et al. 2004) . However, differences in morphology among fish populations can also occur as a result of phenotypic plasticity (Brönmark & Miner 1992; Stauffer & Van Snik Gray 2004 ).
An extreme example of phenotypic plasticity in body shape is found in crucian carp (figure 1), which makes it a unique model organism for evaluating the relationship between body form and function in fishes (Brönmark & Miner 1992; Holopainen et al. 1997; Vøllestad et al. 2004; Andersson et al. 2006) . Crucian carp respond to chemical cues from piscivorous fishes by increasing their body depth (Brönmark & Pettersson 1994) . The increased body depth in crucian carp decreases its risk of predation by gape-limited piscivores like pike (Nilsson et al. 1995) . As in other examples of inducible defence, there is a cost associated with this morphological change, i.e. deep-bodied crucian carp experience higher drag, and therefore an energetic disadvantage during cruising compared with shallow-bodied crucian carp (Pettersson & Brönmark 1997 . However, given the trade-offs existing between different body shapes and various swimming functions (Webb 1984a) , an induced morphological change may not necessarily imply a cost for all locomotor activities. A large body depth may enhance the acceleration performance during escape locomotion, which is considered crucial for avoiding predation in most fish species (Weihs 1973; Webb 1984a; Domenici & Blake 1997; Godin 1997; Walker et al. 2005) . Based on the idea of a trade-off between a deep and a shallow body as linked to accelerator versus cruiser characteristics (Webb 1984a) , we used two morphs of crucian carp to test the prediction that predatorinduced deep-bodied fishes have higher locomotor performance in escape manoeuvres than shallow-bodied fishes. In addition, we tested whether a large body depth is accompanied by a large proportion of muscle mass, and therefore high muscle power, since this could also increase acceleration performance (Webb 1984a ).
MATERIAL AND METHODS
(a) Fish care and maintenance Deep-bodied and shallow-bodied crucian carp (figure 1) were obtained by electrofishing from six local ponds (near Lund, southern Sweden). The deep-bodied individuals were collected from three ponds in which piscivorous pike were present while the shallow-bodied fishes were collected from three ponds without piscivorous pike. They were kept in 200 l aerated aquaria at 15.5G0.58C (range) and a 12 L : 12 D cycle for three to four weeks prior to the experiments. Before the experiments, body lengths (total length, TL), depths (just anterior to the dorsal fin, to the nearest millimetre) and weights (to the nearest 0.1 g) were measured. At least 1 hour before the experiment, fishes were marked dorsally, on the midline of the fish, in the position of the centre of mass (CM) of the fish when stretched straight, with a 3!3 mm square retroreflective tape glued onto the skin. Their CM was determined to be at 0.35 body length from the snout, based on measurements carried out on fishes from different morphs (range 0.349-0.358 body length, measured on five specimens from each morph).
Fishes of a similar size were used for each morph (tables 1 and 2). Fish body morphology was expressed as the ratio of body length to body depth (L : D Pettersson & Brö nmark (1999) , using a given speed of 0.1 m s
K1
. The proportion of muscle mass/total body mass was also measured in individual fishes (nZ5 for each pond). Total wet mass (to the nearest 0.1 g) was determined for each fish, after which muscles were dissected out and weighed.
(b) Experimental protocol For the experiments, 19, 11 and 10 individuals were used from each of the three ponds with predators (i.e. deepbodied morph), and 19, 10 and 12 individuals were used from each of the three ponds without predators (i.e. shallow-bodied morph). Single fishes were introduced into a circular arena (diameter 1.22 m, water level 18 cm), with oxygenated water at 16G18C. After being released into the experimental tank (mean time from release to startle 15.8G1.2 min (meanGs.e.; no difference between morphs; nZ81; tZ0.19; pZ0.85), fishes were startled by the release of a black plastic cylinder (145 mm long and 28 mm in diameter), from a height of 1.1 m over the water surface. This was accomplished by turning off an electromagnet to which the cylinder was attached via a metal disc (2 cm in diameter) applied to the top end of the cylinder. The plastic cylinder was released so that it hit the water surface and entered the water without hitting the bottom, due to a wire to which it was attached. The cylinder had a tapering point (15 mm long) to minimize surface waves. The escape response of each fish was recorded with a high-speed camera (Redlake PCI 1000S) at 500 frames s K1 . A grid on the tank bottom allowed us to evaluate surface waves. No image distortion was present in any of the sequences analysed.
(c) Data handling and statistics The CM and the snout were digitized on a computer with a tracking software (WINANALYSE, Micromak Gmbh). The position of the CM was used to determine the cumulative distance swum, as the sum of the distance between subsequent points, at any given time. The cumulative distance was then derived with respect to time, in order to obtain the speed data, using a five-point differentiationbased smoothing method (Lanczos 1956 ). Acceleration was determined in a similar manner, by differentiating the speed data with respect to time using the Lanczos method (Lanczos 1956 ). Cumulative distance and speed were evaluated within a fixed time (60 ms ; Webb 1976; Domenici & Blake 1993) , which approximately corresponds to the average duration of the first two tail flips of the tail (the first two axial bends, i.e. stages 1 and 2) of all fishes considered (64.5G1.7 ms, nZ81). These two stages are considered crucial for avoiding ambush predator attacks (Webb 1976 (Webb , 1978 . Maximum acceleration was measured as the peak acceleration at any point in time during the escape response. The angle achieved by the fish during stage 1 (stage 1 angle) was calculated as the angle between the lines joining CM and the snout at the beginning of the response and the end of the turn accomplished during the first body bend (Domenici & Batty 1997; Domenici & Blake 1997) . Rotational performance was measured by determining turning rate, defined as the ratio of stage 1 angle and stage 1 duration. Escape latencies were measured as the time from the contact between stimulus and water, to the first visible reaction of the fish. Difference in percentage of muscle mass between morphs was tested with a nested ANOVA (pond nested under the presence or absence of pike) on arcsine-transformed data (Zar 1984) . Differences between morphs in morphological (length, weight, fineness ratio (L : D) and drag coefficient) and performance variables (latency, velocity, acceleration, cumulative distance, average turning rate, stage 1 angle and stage 1 duration) were analysed with nested MANOVAs (pond nested under the presence or absence of pike) on log-transformed data. Ponds were treated as fixed effects rather than random. This means that we have selected the ponds because they belonged to two categories of ponds that had specific fixed attributes (the presence of predators), and they were used as a natural experiment. Therefore, the sites were not chosen at random but were expected to differ a priori (Bennington & Thayne 1994) . We can revisit these ponds year after year and if no major disturbance occurs they should have the same attributes. This is unlike a true random effect nested ANOVA design, e.g. a situation where a large number of ponds were stocked with crucian carp, to be randomly assigned to treatment (predator presence) and analysed with treatment as fixed and ponds as random effects. Strictly speaking, therefore, our results are applicable only to the sites chosen and caution should be used in generalizing our results. Nevertheless, the use of fixed effect in studies testing the effect of predator presence, using an experimental nested design similar to ours (localities with and without predators, where localities are treated as a fixed effect), is a common procedure in the literature (e.g. Reznick & Endler 1982; Reznick 1989; Leips & Travis 1999; Kelly et al. 2000; Jennions & Telford 2002; Langerhans et al. 2004) . F-ratios used type III sums of squares.
RESULTS
The presence or absence of pike was found to significantly affect the morphological variables (MANOVA (pond nested under the presence or absence of pike); Wilks' lambdaZ0.135; p!0.001; mean values listed in table 1). In particular, there were significant differences in length/ depth ratio and drag coefficients but not in lengths or weights (table 2) . In addition, shallow-bodied individuals had a significantly lower proportion of muscle mass in relation to total mass than deep-bodied ones (ANOVA (pond nested under the presence or absence of pike); FZ11.1; pZ0.003; Predator-induced morph and escape locomotion P. Domenici et al. 197 ( 
DISCUSSION
Our results show that predator presence induces an increase in escape locomotor performance in crucian carp. This increase in performance is accompanied by drastic changes in morphology, such as a deep body and a high percentage of muscle mass. Both of these changes may cause higher performance in fast-start swimming according to functional morphology theories ( Webb 1984a; Domenici 2003) . These suggest that characteristics such as a large body depth and a relatively high muscle mass:body mass ratio enhance acceleration performance, owing to the high thrust produced by a large area, and high muscle power. Besides having superior acceleration, the predator-induced deep-bodied individuals had a higher turning rate than the shallowbodied ones. This implies that deep-bodied crucian carp can achieve any given turn away from danger in a shorter time than shallow-bodied individuals. A high proportion of muscle mass, and hence muscle power, may increase turning rate. Here, muscle mass was measured as total muscle, as done in previous fast-start studies (e.g. Webb 1978) . While anaerobic (white) fibres are the main source of power at high speeds, red fibres were shown to be active during escape responses (on Cyprinus carpio, Kashin et al. 1979 ; on Lepomis macrochirus, Jayne & Lauder 1993) . The activation of red fibres at high speeds may aid power production or force transmission (Syme 2006) . In addition, red muscle is present in a relatively small proportion of the total muscle mass in most fishes (Greer-Walker & Pull 1975) . In particular, Johnston & Lucking (1978) found that the percentage of red muscle/ total muscle mass was only 4% in Carassius auratus, a similar species to Carassius carassius. Since the differences in total muscle mass/body mass found between the two morphs of crucian carp are of the order of 20%, they can reasonably be ascribed to differences in white muscle mass. Potentially, differences in body mass may affect inertia and therefore acceleration performance. However, while deep-bodied fishes of any given length are heavier than shallow-bodied fishes, there is a considerable overlap between the body mass values of the two morphs, such that differences in body mass are not significant. Therefore, it is unlikely that body mass differences played a major role in determining performance differences. We suggest that performance differences are mainly due to the differences in body shape (length/depth) and proportion of muscle mass, although the possibility that other additional factors (e.g. part of the 'design box' sensu Domenici (2003) , like muscle properties) may play a role in determining swimming performance differences cannot be ruled out. Further studies are needed in order to investigate the relative contribution of these two factors to enhancing escape locomotion. In addition, despite the different body morphologies, there was very little variation in the position of the CM. Nevertheless, digitizing a fixed point (0.35 body length) along the body in both morphs makes the performance measurements comparable.
Prey fishes do not necessarily escape at their maximum capacity ( Webb 1986 ). Therefore, potentially, performance differences between the two morphs could be due to behavioural differences related to different predation risks, rather than morphological differences, since deep-bodied fishes have been exposed to predator presence, while shallow-bodied individuals are predator naive. However, if differences in escape response were to be due to behavioural rather than morphological differences, then other performance parameters not affected by morphology, like escape latency (i.e. readiness to escape), may be expected to be enhanced (i.e. shorter latency) in the deep-bodied morph. Escape latency, however, did not differ between morphs (tables 1 and 3), suggesting that differences in morphology rather than behaviour are the most likely causes of locomotor performance differences between the two morphs. In addition, our results show that there is some effect of the pond on performance and morphology. This is not surprising, however, since different ponds may show different nutrient regimes and other physical-chemical characteristics.
While our work found that predator presence increases escape locomotor performance, this is only indirect evidence that predator presence may increase the ability of fishes to escape from predator attacks. Recent work addresses the issue of which variables may affect the escape success of fishes ( Walker et al. 2005) . Walker et al. (2005) found that four main variables affect prey vulnerability: (i) reaction distance, (ii) the evasion path, (iii) the ability of the prey to generate rapid tangential acceleration (measured by the net distance travelled, maximum velocity and maximum acceleration), and (iv) turning rates. Here, we found that both (iii) and (iv) were affected, and this suggests that the ability to escape a predator attack was also affected.
The evolution of adaptation to one function often comes at the expense of the performance of another function, i.e. trade-offs between traits can be identified (Reznick & Travis 1996) . For example, recent work has shown that burst swimming performance may trade off with male genital size in the mosquitofish Gambusia affinis (Langerhans et al. 2005) . Earlier work on different morphs of fishes, carried out on various species, found trade-offs among different body shapes in relation to swimming performance. In these studies, the deep-bodied form showed superior escape swimming performance and inferior endurance compared with the shallow-bodied form (Taylor & McPhail 1985 , 1986 , but see Law & Blake 1996 , where no differences were found). More recent work shows that enhanced escape swimming performance in specific fish populations may increase escape success and has been linked to exposure to high predation pressure (Ghalambor et al. 2004; Langerhans et al. 2004) . Fishes from populations with high predation pressure have superior locomotor performance during escapes and higher survival when exposed to predation from piscivorous fishes compared with fishes from genetically and morphologically different low-predation populations (O'Steen et al. 2002; Ghalambor et al. 2004; Langerhans et al. 2004) . Clearly, different morphologies linked to different predation pressures can give rise to genetically distinct morphs as a process of natural selection. However, the differences between these morphs are inherited, while in the crucian carp, the difference is plastic, such that individuals shift from one morph to the other depending on predator presence (Brö nmark & Miner 1992; Brönmark & Pettersson 1994; Holopainen et al. 1997; Stabell & Lwin 1997; Vøllestad et al. 2004; Andersson et al. 2006) .
In crucian carp, there appears to be a trade-off between escape swimming performance, which is superior in deep-bodied individuals, and energy expenditure in cruising which increases with body depth due to higher drag during forward swimming (Alexander 1974; Webb 1984a; Brö nmark & Miner 1992; Pettersson & Brö nmark 1999; table 1) . Growth experiments on crucian carp suggest that a deep body may increase energetic costs, since deep-bodied fishes show reduced growth in the absence of predators and at low resource levels, when compared with shallow-bodied crucian carp (Pettersson & Brönmark 1997) . The inducement of a deep body form in the presence of predators suggests that the advantages of low vulnerability presumably outweigh the additional energetic costs associated with a deep body. Among other vertebrates, tadpoles (genus Hyla) exhibit predatorinduced phenotypic changes in body morphology, which include a longer and wider tail (McCollum & Van Buskirk 1996; Van Buskirk & McCollum 2000) . The burst performance of the induced morph is not significantly different from the non-induced morph (Van Buskirk & McCollum 2000) . However, the induced morph shows reduced predation rates, possibly as a result of attracting the predator lunge towards the tail where an attack would be less likely to be lethal (McCollum & Van Buskirk 1996; Van Buskirk & McCollum 2000) . In addition, McCollum & Van Buskirk (1996) show that, in the absence of predators, the two morphs grew at the same rate, although the induced tadpole morph showed decreased fitness due to higher mortality related to causes other than predation.
The phenotypic plasticity of crucian carp may be related to the variable environment in which they live. In Scandinavian lakes and ponds, pike and crucian carp often coexist (Brö nmark & Miner 1992) . Predation pressure on crucian carp can vary greatly within one prey generation due to hypoxic events which may kill pike and other predators, but not crucian carp, since they are extremely resistant to hypoxia (Stecyk et al. 2004) . Phenotypic plasticity allows crucian carp to take advantage of a shallow body form for high cruising ability in the absence of predators, while the deep-bodied morph shows a high escape swimming performance, together with a defence mechanism in the presence of gape-limited predators. Therefore, deep-bodied crucian carp achieve low vulnerability to predation via two routes that are relatively independent since increased escape swimming and morphological defences are not always associated in fishes (Andraso 1997) . Indeed, fishes with spines and armours often show reduced escape swimming performance or absence of a startle response (Andraso 1997; Godin 1997) . In small crucian carp, deep-bodied morphs may enjoy only one of the two potential anti-predator advantages, as they may benefit from enhanced escape swimming performance although their profile may not be deep enough to deter attacks from gape-limited piscivores. In addition to the predator defence benefits, changes in body morphology may also be advantageous to crucian carp by affecting foraging success when feeding on prey from different microhabitats (benthic versus pelagic; Andersson et al. 2006) .
While a large body depth, especially caudally, accompanied by a high percentage of muscle mass, has been regarded as a feature for high acceleration performance ( Webb 1984a; Domenici & Blake 1991) , the design solutions for acceleration specialists may vary depending on their lifestyle and feeding habits. For example, the pike, an acceleration specialist, has a large caudal area but not a large body depth, although it has a large percentage of muscle mass ( Webb 1984a) . Pike are ambush predators and their reduced body profile minimizes the reaction distance of prey, thereby increasing the predator capture success ( Webb 1984b; Domenici 2002) . On the other hand, a large body depth extended through most of the body can decrease vulnerability to gape-limited predators, and it may be regarded as a design solution for nonpiscivorous fish subject to high predation risk (Domenici 2003) . The phenotypic plasticity of crucian carp represents a unique opportunity to study the functional consequences of different morphologies in fishes. Arguably, the principles driving the morphological variability in crucian carp can provide an important model for understanding the relationship between body form and function in fishes.
Animal care and experiments were performed in accordance with institutional guidelines for animal experiment ethics.
